ABSTRACT: We report on the spectroscopic investigation of lithium atoms and lithium dimers in their triplet manifold on the surface of helium nanodroplets (He N ). We present the excitation spectrum of the 3p ← 2s and 3d ← 2s two-photon transitions for single Li atoms on He N . The atoms are excited from the 2S(Σ) ground state into Δ, Π, and Σ pseudodiatomic molecular substates. Excitation spectra are recorded by resonance enhanced multiphoton ionization time-of-flight (REMPI-TOF) mass spectroscopy, which allows an investigation of the exciplex (Li*−He m , m = 1−3) formation process in the Li−He N system. Electronic states are shifted and broadened with respect to free atom states, which is explained within the pseudodiatomic model. The assignment is assisted by theoretical calculations, which are based on the Orsay−Trento density functional where the interaction between the helium droplet and the lithium atom is introduced by a pairwise additive approach. When a droplet is doped with more than one alkali atom, the fragility of the alkali−He N systems leads preferably to the formation of high-spin molecules on the droplets. We use this property of helium nanodroplets for the preparation of Li dimers in their triplet ground state ( Li molecules on the droplet surface. By using REMPI-TOF mass spectroscopy, isotope-dependent effects could be studied.
■ INTRODUCTION
Helium nanodroplets (He N ) have attracted strong interest as superfluid nanocryostats for the efficient preparation of tailored molecules and clusters at ultracold temperatures. 1, 2 The spectroscopy of atoms on/in helium nanodroplets gives insight into the nature of interactions between a nanosized superfluid and single atoms. Moreover, the special properties of helium nanodroplets enable the formation of tailored molecules and offer a possibility to study complexes that can not, or only with great expense, be produced in the gas phase or in molecular beam experiments. An example is the preparation of alkali (Ak) metal dimers 3 and trimers 4 in their weakly bound high-spin configuration (triplet and quartet states, respectively) or even high spin clusters 5, 6 at low temperatures (0.37 K 7 ). The lowest electronic transitions (D1 and D2 lines) in Ak atoms on the surface of helium nanodroplets are well characterized. 8−14 The D1 and D2 lines of Li atoms on the surface 15 of He N are an exception among the Ak−He N systems because their main absorption peak is lower in energy than the free atom transition. This red-shift has its origin in bound− bound transitions from the ground state into the two 2P(Π) states.
14 While excitation spectra of Rydberg states for Na, 16, 17 Rb, 18−22 and Cs 18, 19, 23 have been reported, less work has been done on the characterization of K−He N and Li−He N . Besides the D1 and D2 lines, only the 5p ← 4s transition in K−He N 18 and the 3s ← 2s transition in Li−He N 24 have been investigated. For the assignment of excited states of Ak atoms on He N , we use the pseudodiatomic model (Hund's case a notation is appropriate 18, 19 ). Because of the presence of the droplet, the symmetry of the atomic system is broken and only the projection of the atomic orbital angular momentum L onto the intermolecular axis (i.e., Λ), which is defined by the connection between the droplet center and the Ak nucleus, remains a conserved quantity. In the case of Li, spin−orbit (SO) splitting can be neglected (e.g., SO splitting for the 2P state: 0.34 cm −125 ). For two-photon excitations, transitions from the Li− He N 2S(Σ) ground state into Δ, Π, and Σ molecular substates are allowed.
The fragility of systems formed by helium nanodroplets with molecules on their surface enhances the formation of weakly bound complexes because the binding energy, which is gained during the formation of the molecule, is released into the droplet. This excess energy could destroy the complex formed by the molecule and the droplet. Hence, the weakly bound alkali dimers in the triplet manifold have a higher probability of survival than the singlet molecules, and the helium droplets act as a filter for Ak dimers in the triplet manifold. 3 Σ u + transition, which is a bound-free transition, has been reported so far. 4 The orientation of the ground state Li dimers for the two different spin configurations ( 1 Σ g + and 3 Σ u + state) with respect to the droplet surface has been investigated theoretically for small He N (for N up to 30), where it was found that the singlet molecule is perpendicular and the triplet one is oriented parallel to the droplet's surface. 30 In contrast to the Li 2 −He N system, triplet bands of free Li 2 molecules have been studied extensively experimentally 31 as well as theoretically. 32 The most accurate experimental data have been recorded by perturbation facilitated optical−optical double resonance (PFOODR) spectroscopy. 31 This allows a detailed comparison between molecules on He N and free molecules, which reveals insight into the interaction between the superfluid droplet and the molecule on its surface.
In the first part of this article, we report on the investigation of the two-photon 3p ← 2s and 3d ← 2s transitions in Li−He N by resonance enhanced multiphoton ionization time-of-flight (REMPI-TOF) spectroscopy. Pseudodiatomic molecular substates are identified on the basis of the observed abundance of exciplexes because the exciplex formation process depends on Λ of the molecular substate. Calculations based on a pairwise additive approach support our assignment. In the second part of this article, we report on the investigation of the 2 3 Π g ← 1 3 Σ u + transition of the Li dimer on He N . Vibronic states could be resolved and the low mass of the Li atom in combination with the REMPI-TOF technique allows to study the band for all three Li isotopomers, 6 Li 2 , 7 Li 2 , and 6 Li 7 Li, as well as an investigation of their interaction with the droplet.
■ EXPERIMENTAL SECTION
A detailed description of the experimental setup can be found in refs 33 and 34. High purity helium gas is cooled down to a temperature of T 0 = 15 K and expanded through a d 0 = 5 μm nozzle under a pressure of p 0 = 60 bar into vacuum. These conditions lead to a subcritical supersonic jet expansion of the He gas and consequently to the formation of helium droplets, where the droplet size follows a logarithmic normal distribution. The source conditions lead to a distribution maximum (N̂p 0,T0 ) at N̂6 0,15 = 6000 He atoms, 35, 36 which corresponds to a droplet radius of R6 0,15 = 40 Å. After production, the helium droplet beam is guided into another vacuum chamber where it is doped with Li by passing through a resistively heated pickup cell. The pickup statistic obeys a Poisson distribution. 35 The process depends on the vapor pressure within the pickup cell, which is controlled by the cell temperature. At the used temperature of T ≅ 350°C, Li atoms as well as Li dimers are present on the droplets. ■ RESULTS Spectroscopy of Li Atoms on He N . In this section, we discuss the two-photon 3p ← 2s and 3d ← 2s transitions in Li− He N . Because of the small size of the Li ion core, states with l > 0 lie energetically very close together in the lithium atom (these states have a core nonpenetrating character 37 ). Only the nS states are significantly shifted with respect to the hydrogenic term energy. Note that because of the l < n condition for the orbital angular momentum quantum number l the 3D state investigated here is a special case among the nD Li−He N Rydberg series because it does not overlap with an F state.
The two-photon excitation spectrum of the 3p ← 2s and 3d ← 2s transitions in Li−He N is depicted in Figure 1 . The ion yield for 6 Li + −He (red, ×9, smoothed signal only), 7 Li + −He (green), 7 
Li
+ −He 2 (blue), and While for the Li−He N 3s ← 2s transition in ref 24 only bare lithium ions were detected, the excitation of states with Λ > 0 leads to the formation of exciplexes (Ak*−He m ). 38 The Li + − He m ion signals show the same structure as has been observed for heavier Ak atoms 17, 18, 20, 23 and can be explained within the pseudodiatomic model. In this picture, the 3P state splits into a Π and Σ component (neglecting spin−orbit effects). It is known that upon excitation of the Ak−He N system into Σ Figure 1 . Two-photon excitation spectrum of Li−He N . The spectrum is obtained by monitoring the 6 Li + −He (red, ×9, smoothed signal only), 7 Li + −He (green), 7 Li + −He 2 (blue), and 7 Li + −He 3 (black) ion yield as a function of the excitation laser wavenumber (multiplied by two) with a time-of-flight mass spectrometer. The 3P and 3D free atom states at 30 925 cm states a large fraction of the atoms desorb without attached helium atoms. In contrast, the ionization via states with Λ > 0 is always accompanied by an abundance of Ak−He m (m > 0) complexes in the time-of-flight mass spectra. Hence, we attribute the pronounced peak at (31 016 ± 2) cm −1 , full width at half-maximum (fwhm) = (43 ± 3) cm −1 (as monitored on the 7 
+ −He 2 mass) to the 3P(Π) state. We call this approach for the assignment of excited states based on the exciplex formation process the ″exciplex approach″ in the following. In contrast, the signal in between the 3P(Π) and the 3D line is only visible in the Li + −He ion signal; hence, we attribute this part of the spectrum to the onset of the 3P(Σ) state. The structure of the signal, which correlates to the 3D molecular substates, is similar to the signal obtained for the Rb−He N system in ref 20 . The state related to the peak at (31 278 ± 5) cm
, fwhm = (52 ± 7) cm −1 (as monitored on the 7 Li + −He 2 mass) is accompanied with a high probability for the formation of exciplexes. Hence, we assign this peak to the 3D (Δ) state. It is remarkable that this state appears almost unshifted with respect to the free atom transition at 31 283 cm , which has to be taken into account when excitation spectra are compared to free atom transitions, the 3D(Δ) potential has a binding character and its minimum lies about (−15 ± 7) cm −1 below the asymptotic 3D energy. This demonstrates a weak attractive interaction of the Li atom in the 3D(Δ) state with the droplet. Similar signals have been observed in ref 17 for the Na−He N 4P ← 3S and 4D ← 3S transitions, which compare to the presented Li−He N transitions. Therein, increased exciplex formation upon excitations into states associated with high Λ was observed close by the free Na atom lines. In the 7 
+ −He ion signal, the blue shoulder of the 3D(Δ) peak extends to much higher wavenumbers than in the 7 
+ −He 2 detected spectrum, and it is followed by a second peak at (31 536 ± 10) cm
, which we attribute either to a part of the 3D (Π) or (Σ) state.
To simulate the spectra, we use the Orsay−Trento density functional 39 as implemented in the code by F. Dalfovo, with modifications by K. K. Lehmann and R. Schmied. 40−42 The interaction between the helium droplet and the alkali atom is introduced by a pairwise additive (PWA) approach. To obtain the radial density profile of the ground state, the lithium− helium potential of Patil 43 is used. For the excited states, the curves of Pascale represent the set of Li*−He interactions of the electronic states relevant for this work. 44, 45 An effective coordinate z Li is introduced as the distance between the center of mass of the droplet and the lithium atom. By convoluting the density with the above pair potentials, we obtain the pseudodiatomic potentials shown in Figure 2 . We accounted for the correct projection of the angular momentum on the helium−lithium axis by means of Wigner rotation matrices, following ref 13 and transforming the Hamiltonian in a diagonal shape. Spin−orbit coupling can be neglected, as the interaction with the droplet is much larger. In the frozen droplet picture, assuming a fast desorption of the lithium atom upon excitation, 24 Franck−Condon factors (FCFs) are calculated with the help of BCONT 2.2 by LeRoy 46 for bound-free transitions of the pseudodiatomic molecule. The majority of the Li−He N systems are in their vibronic ground state (ν = 0) before the excitation.
The calculated FCFs are shown in Figure 3 . It can be seen that our approach overestimates the blue shift of the excited states. Such large blue shifts on the order of several thousand wavenumbers have already been observed for calculations of excited states of Na−He N in ref 17 , where it was shown that the PWA approach works best at states with low principal quantum number n. In addition to the PWA approach, for Na−He N a perturbative configuration interaction (PCI) approach was used, where the helium dopant interaction is introduced by a perturbation rather than a pair potential. The PCI model shows a better agreement with the experimental spectra than the PWA approach; unfortunately, this model is not yet parametrized for lithium. Although our potential energy curves (see Figure 2) for the 2S(Σ), 2P(Π,Σ), and 3S(Σ) reproduce the results of other calculations, 13, 24 the spectrum for the 3P and 3D states is far off the experimental one. However, the calculated theoretical theory and experiment for the 3P and 3D spectra is expected to some extent due to several approximations in the PWA approach: (i) the ground state helium density is assumed to be maintained during the excitation (frozen droplet approximation), (ii) interactions between 3P and 3D states are not included, but in the case of Li the states lie relatively close, and (iii) the approach rests on the potentials calculated by Pascale. 44, 45 Despite the fact that Pascale's potentials have been leading to numerous fruitful results, they might be not as accurate as modern calculations. 47 The above discussion reveals that a more sophisticated approach is needed to describe higher excited states of Li−He N accurately. Different approaches have been presented recently 48 where the best results for Li−He N have been obtained with the methods developed by the Barranco group. 14, 24 However, the energetic ordering as described above for the 3P(Π), 3P(Σ), 3D(Δ), 3D(Π), and 3D(Σ) states is reproduced by our calculations. According to the PWA approach, the 3P(Π) state lies energetically lower than the 3P(Σ) state, and the 3D(Δ) state is the energetically lowest among the three 3D molecular substates, which is in agreement with our assignment within the exciplex approach. Despite the differences between calculation and experiment, we think that the expected energetic ordering of excited states confirms our interpretation within the exciplex approach.
For the 3s ← 2s transition, an isotope shift for the two different Li isotopes has been observed. 24 As can be seen from the excitation spectrum in Figure 1 , we do not observe a significant isotope effect within the accuracy of our data. Figure 4 shows the time-of-flight mass spectrum as obtained, while the laser is scanned across the two-photon transitions ( Figure 1 ). The highest signal is detected at the mass-to-charge ratio m/z corresponding to bare 6 Li and 7 Li ions. The intensity of the peaks reflects the natural abundance of the two Li isotopes ( 6 Li, 7.4%; 7 Li, 92.6%). These two Li mass peaks are followed by peaks originating from Li−He, Li−He 2 , and Li− He 3 in steps of 4 amu ( 4 He). Because of the high photon density and the presence of the 308 nm light, Li dimers ( 6 Li 2 , 6 Li 7 Li, and 7 Li 2 ) are also observed in the mass spectrum. At higher m/z ratios (for m/z > 16 the signal is multiplied by a factor of 20), two prominent peaks are observed. These peaks are related to residual water, which was present in our chamber during the experiment. We attribute the peaks at m/z = 24 and m/z = 31 to the products of an oxidative hydrolysis of 7 LiOH and 7 Li( 7 LiOH), respectively, which are produced upon a reaction with water in the helium droplet. 49 Because of the resonant excitation of an intermediate state, the reaction may be enhanced by the present laser photons. This could explain the absence of a prominent peak corresponding to the weakly bound 7 Li−H 2 O (m/z = 25) van der Waals complex, which is in contrast to the findings in ref 49 . We find no evidence for the Figure 4 . Time-of-flight mass spectrum as obtained while the laser is scanned across the two-photon transitions, which is shown in Figure 1 . The most intense ion signal is detected for 6 Li and 7 Li ions. Peaks in steps of 4 amu are related to Li ions with attached helium atoms. In addition to Li dimers, which are formed on the droplets, also complexes of Li, Li 2 , and residual water, which is present in the vacuum chamber, are observed in the mass spectrum. formation of Li clusters (i.e., Li m>2 ) at our source conditions. This is in agreement with other experiments as discussed in ref 5 . The absence of these complexes is related to the high formation energies of lithium clusters, 50 which are significantly higher than those of the heavier Ak clusters and have been investigated in detail on/in helium nanodroplets. 5, 6, 51, 52 We think that the production of Li clusters will require larger helium droplets (N > Li), and 14 ( 7 Li 2 ) was monitored as a function of the dye laser wavenumber. Hence, the excitation spectra of all three isotopomers are observed. The composition of the molecules on the droplets is 85.71% 7 Li 2 , 13.71% 6 Li 7 Li, and 0.55% 6 Li 2 . Because of the low abundance of 6 Li 2 , the ion signal obtained for 6 Li 2 is very weak and was smoothed and multiplied by a factor of 10. The spectrum comprises a series of progressive vibrational bands, which can be followed, in the case of 7 Li 2 , from ν′ = 0 up to ν′ = 11. A large fraction of the molecules fragments into Li + and Li upon ionization, which is observed when monitoring Li + for the same excitation spectrum (not shown).
The vertical bars in Figure 5b represent the transition for J = 0 rotational states starting from ν″ = 0 in the 1 3 Σ u + ground state as calculated with the potentials given in ref 32 by using the LEVEL 8.0 program of LeRoy. 53 The height of the bars reflects the calculated Franck−Condon (FC) distribution. Note that the use of a pulsed laser with relatively high pulse energy (∼0.3 mJ), which is needed to ionize sufficient molecules in a onecolor R2PI experiment, is not well suited for the determination of transition probabilities. Despite this disadvantage, the trend of the peak intensities reflects the trend in the calculated FC factors. The only exception is the relatively low intensity of the ν′ = 0 state when compared to the FC factor, which is most probably caused by saturation effects. Hence, we scale the FC factors to the ν′ = 1 peak (the FCF for ν′ = 0 is beyond the scale in Figure 5b ). As can be seen in Figure 5 , the origin of the rising edge of each peak matches the calculated values.
Alkali dimers are located on the surface of helium nanodroplets. 30 This represents a situation where a molecule is located on a two-dimensional superfluid. The vibronic bound−bound transitions with vibrationally resolved states typically consist of triangular shaped peaks, which have been analyzed for Na 2 in detail recently. 54, 55 The rising edge of the peaks has its origin approximately (within a few wavenumbers) at the vibrational level of the free molecule. A small droplet induced shift on the order of a few wavenumbers was reported for Na 2 on helium droplets (e.g., −2.8 cm lies flat on the surface. For sodium dimers, 4 the singlet molecule spectra exhibit vibrational bands with narrow zero phonon lines and wide phonon-wings separated by a gap. In contrast, triplet spectra of Na 2 show a sharp rise at the onset of a vibrational band followed by a triangularly shaped phonon-wing without gap. This peculiar difference was theoretically analyzed by Tehver, Hizhnyakov, and Benedek. 54, 55 The gapless appearance of a phonon-wing was attributed to a stronger coupling of vibrational motion of the dimer molecule to excitation modes of the helium droplet.
The recorded spectrum was fitted with a sum of asymmetric two-sigma functions 
We identify the position of the recorded peaks at the wavelength where the second derivative of eq 1 has a maximum for each set of fit parameters. This wavelength corresponds to the onset of the rising edge within a few wavenumbers (depending on the signal-to-noise ratio) and hence to the origin of the vibrational band Li 2 (the wavenumber for 6 Li 7 Li differs by −12 cm −1 from the calculated value). In this case, we identify the peak position with the onset of the rising edge at 21 707 cm −1 (10 cm −1 below the calculated value). The spectra in the upper panel in Figure 5 appear to be superimposed by a large nonresonant background signal, which reaches from 21 250 to 23 000 cm In order to use helium nanodroplets in future experiments as a matrix for the electronic spectroscopy of tailored molecules on their surface, we are interested in the accuracy of spectroscopic constants, which can be extracted from their spectra. Therefore, we determine the molecular constants for the sake of comparison with the literature values of free molecules. In Table 1 , we summarize the molecular constants as obtained from a least-squares fit of the observed band positions to the standard expression
The Li, and 6 Li 2 , respectively, which corresponds to the absolute energy of the 1 3 Σ u + (ν″ = 0) state. 63 The molecular parameters listed in Table 1 demonstrate that parameters deduced from lithium molecules on the surface of helium nanodroplets agree well with free molecule parameters (within the 2σ uncertainty interval).
■ SUMMARY AND CONCLUSIONS
We have shown that two-photon spectroscopy of Li−He N offers a possibility to access Li−He N Rydberg states without UV lasers. We were able to assign the 3p ← 2s and 3d ← 2s transition of Li atoms on helium nanodroplets by using two different methods. Within the pseudodiatomic model, the states split into the 3P (Π,Σ) and 3D (Δ,Π,Σ) different molecular substates. The first approach (exciplex approach) used for the assignment exploits the fact that the exciplex formation process depends on the Λ quantum number of the intermediate state.
In the second part of the discussion of Li−He N , we present calculations for the description of the observed transitions. Li− He N potentials are generated by using a pairwise additive approach and assuming a frozen helium density that interacts with the excited dopant. The potential energy curves support the observed ordering of the states. The obtained Franck− Condon factors of the bound free transitions overestimate the blue shift of the transitions and reveal the necessity of more sophisticated theoretical models for the accurate description of excited Li−He N states, which are capable of including quantum effects, 14, 24 which are non-negligible for lithium, as well as configuration interactions of the energetically close P and D states. As the lightest of the alkali metals, lithium is another interesting candidate for a detailed study of the corresponding alkali−He N Rydberg complex, so far investigated for Na− He N , 16, 17 Rb−He N , 19, 20 and Cs−He N . 19, 23 Recording the blue or red shifts of Rydberg states on droplets with respect to the free atom energies may provide further insight into the shielding effects of the helium droplet as obtained from our recent Rydberg−Ritz analysis. 19 In addition to the spectroscopy of Li−He N , we show for the first time a spectrum of a bound−bound transition of Li 2 molecules on the surface of He N . The observed bands are identified as 2 3 Π g (ν′) ← 1 3 Σ u + (ν″ = 0) transitions. The REMPI-TOF technique allows to study all three isotopomers ( 6 Li 2 , 6 Li 7 Li, and 7 Li 2 ) of the Li dimer simultaneously. The spectrum comprises a series of vibronic transitions, broadened by the influence of the droplet. The vibronic transitions could be followed from ν′ = 0 to ν′ = 11 for the 7 Li 2 isotope. Our investigation of Li 2 shows that despite the interaction between the molecule and the droplet, helium droplet isolation spectroscopy can serve as a tool to test ab initio molecular potentials of electronically excited states of species on the droplet surface. In future experiments, we plan to use our insights gained from the Li 2 −He N experiments presented in this article and combine the Li atom with alkaline-earth atoms, a complex that can not be formed easily in the gas phase. Helium droplet isolation spectroscopy will provide a versatile tool to study these species and to test the corresponding ab initio potentials.
